Introduction
Bacteremia and sepsis, along with other serious bacterial infections (SBIs), are still significant causes of morbidity and mortality among children worldwide despite the use of modern antibiotics and evidence-based resuscitation guidelines and treatments.
1 Sepsis in neonates is a significant contributor to morbidity and mortality. Based on the onset, neonatal sepsis is classified into two major categories: early onset sepsis (EOS) and late onset sepsis. In the literature, however, there is little consensus as to what age limits apply, with EOS ranging from 48 hours to 6 days after delivery.
Early recognition of bacterial sepsis and initiation of therapy is associated with better treatment outcomes but is challenging as many of the early clinical features can be similar to those in self-limiting viral illnesses. 2 In a study of more than 400 children with meningococcal sepsis in the United Kingdom, only half were referred to hospital at their first primary care consultation, usually after a delay of several hours following the first symptoms and/or signs of sepsis.
bacteremia may remain undetected in a significant proportion of infected cases because of the small volume of blood taken. Third, bacteremia in the neonate may often be transient or intermittent, especially during the early stages of infection. 4 Also, if blood is drawn after administration of antibiotics, bacterial growth can be suppressed. However, in the era of multidrug resistance, it is mandatory to avoid unnecessary use of antibiotics. Therefore, various biomarkers are of great importance in the process of diagnosis of sepsis and evaluation of its severity. They can indicate the presence or absence or severity of sepsis 5, 6 and are helpful in differentiating bacterial from viral and fungal infection. The majority of them are of most value within a specific clinical context and with the addition of adjunctive diagnostic tests. This class includes the subset of screening biomarkers. Monitoring biomarkers are the biomarkers whose levels change dynamically as a disease process evolves or in response to applied therapeutic interventions, affording the clinician the ability to track the course of disease and assess adequacy of treatment. Stratification biomarkers are useful to sort a population of patients into classes of severity. The purpose of these biomarkers is to help clinicians to apply therapeutic interventions to groups where the most benefit will be realized at the least risk and to optimize the risk-tobenefit ratio of a given therapy. Finally, surrogate biomarkers are used to predict outcome of a disease process rather than follow its course or to titrate therapy. Robust surrogate biomarkers need to be directly affected by a given therapy, reliably predict the outcome of interest, and be mechanistically linked to the biological processes that affect the outcome of interest. Of the many proposed biomarkers for infection and/or sepsis, acute-phase proteins such as C-reactive protein (CRP) and procalcitonin (PCT) are widely used and have perhaps been most widely assessed. To be clinically useful, infection biomarker should have a well-defined cutoff value for differentiating infected from no infected patients, particular bacterial from viral infection, and be able to identify infected cases at an early stage. For diagnostic purposes, a very high sensitivity and negative predictive value (approaching 100%), and good specificity and positive predictive value (>85%) are desirable. 4 Also, the kinetics of a biomarker should be considered along with its sensitivity and specificity because a rapid increase of the marker would allow a good discrimination between health and disease. It is very rare that a diagnostic biomarker is strictly present or absent. Much more commonly, the presence of a biomarker is measured as a continuous variable, and cutoffs are defined along that continuum to establish the presence or absence of disease. The sensitivity and specificity of a biomarker are dependent upon where those cutoffs are placed.
C-Reactive Protein
CRP is an acute-phase reactant found in the blood that is synthesized by the liver in response to the elevated levels of the cytokines (interleukin [IL]-1, IL-6, and tumor necrosis factor-α). CRP is so named for its ability to precipitate from serum in the presence of pneumococcal cell wall C-polysaccharide. It is produced and becomes elevated within 4 to 6 hours after onset of tissue injury or inflammation; it doubles every 8 hours before peaking approximately 36 hours later.
8,9
Due to this limitation for the early identification of infection within 24 hours of onset, serial measures of CRP are required for accurate detection of infection. 10 Serial measures of CRP are also needed in identifying noninfected neonates and have been reported to have 99% negative predictive value.
11
CRP is the most widely used biomarker in neonates.
12-14
However, due to previously mentioned time delay in the response to infection, it is often combined with other serum biomarkers such as PCT or ILs. 13, 14 Philip and Mills recommended that at any neonatal age, a CRP value of 10 mg/L in the presence of one or more clinical signs or one or more risk factors for infection should alert the clinician to transfer a neonate to the intensive care unit and start antimicrobial therapy. 15 They were also able to minimize antibiotic therapy using this clinical pathway for sepsis. Franz et al also considered a CRP value of >10 mg/L, in the presence of at least one clinical sign compatible with infection, as a criterion to make a diagnosis of clinical septicemia in neonates. 13, 16 However, some of the results of published studies on the use of CRP as a biomarker of neonatal sepsis are contradictory. Benitz et al calculated a receiver operating characteristic (ROC) curve for CRP levels in proven neonatal sepsis and showed poor sensitivity of CRP measurements 24 hours after initiation of antibiotic therapy.
17
Pulliam et al reported the results of a prospective study in 2001 examining the utility of CRP in evaluating febrile children.
18 Seventy-seven patients between 1 and 36 months of age were enrolled, all with fever >39°C. CRP was found to be a much more useful screening tool than white blood cell (WBC) counts and neutrophil count for this population of patients, with a sensitivity of 79% and a specificity of 91%. The limitation of the study is that the number of enrolled young infants was small. In febrile infants up to 3 months old, Bilavsky et al, in 2009, also reported that CRP level is a valuable laboratory measure in assessment of the risk of SBI. 19 They found that various cutoffs had a better sensitivity and specificity than WBC cutoffs. Their results showed that a CRP value of >50 mg/L should alert the clinician to a high likelihood of SBI. 19 Nevertheless, despite the high specificity of CRP, its sensitivity was low. The study by Olaciregui et al was focused on same age group and showed that CRP is useful in predicting SBI but should be used in conjunction with other markers.
20
A study by Gendrel et al found that the mean CRP was 148.4, 82.8, and 19.5 mg/L, respectively, for patients divided into three groups: invasive bacterial infection, noninvasive bacterial infection, and viral infection. 21 As an indicator of bacterial from viral infection, the authors were able to achieve a sensitivity of 98% using CRP alone. However, the cutoff used to distinguish between viral and bacterial infection was 10 mg/L, the lowest proposed cutoff. Notably, this cutoff is well below the mean CRP for viral infections (19.5 mg/L). Not surprisingly, Gendrel et al had the lowest CRP specificity (50%). Although CRP has been used for many years in pediatrics, its specificity and diagnostic accuracy has been questioned. 22 
Procalcitonin
PCT is a 116-amino-acid precursor peptide for the hormone calcitonin, with a molecular weight of 13 kDa, which is produced in the thyroid gland to regulate serum calcium concentrations. No disorders attributable to either an excess or a deficiency of calcitonin have been identified. All tissues in the body have the capacity to produce PCT, but only the thyroid C cells express the appropriate enzymes that cleave the prohormone into mature calcitonin. 25 Under normal conditions, the thyroid gland (thyroid parafollicular or clear cells) is the only tissue that produces PCT and serum levels are very low. It has been reported in many interventional trials that a low PCT indicates the absence of a need for antimicrobial therapy.
26-29
Most microbial infections induce a ubiquitous upregulation in CALC1 gene expression on chromosome 11 and a subsequent release of PCT from nearly all tissues and cell types throughout the body (including the liver, spleen, and adipose tissue). 30 In bacterial infections, PCT increases from concentrations in the picogram range (below the detection level of current PCT assays) to concentrations ranging from 1 to 1,000 ng/mL. PCT begins to rise at 4 hours after the onset of systemic infection or exposure to bacterial endotoxin, peaks at 6 to 8 hours, and remains elevated for at least 24 hours.
31
This increase often correlates with the severity of the disease and with mortality. [32] [33] [34] [35] Therefore, PCT is used as a diagnostic marker of bacterial infection. It can help to determine the progression of infection to sepsis and septic shock and to assess responsiveness to treatment serving as a prognostic indicator. Elevations in PCT are generally observed more rapidly before CRP rises, and the peak value is achieved within a much shorter time frame. Additionally, when the patient responds appropriately to therapy, PCT may serve as monitoring biomarker since its levels return to normal much quicker than those of CRP. 36, 37 Serial measurement of PCT levels has therefore been used to direct and limit antibiotic usage. The purpose of that is to reduce both bacterial antibiotic resistance and patient-centered side effects such as nephrotoxicity and drug reactions. Stocker et al found a significant difference in the proportion of newborns treated with antibiotics 72 hours between the standard group (82%) and the PCT group (55%). 38 On average, PCT-guided decision-making resulted in a shortening of 22.4 hours of antibiotic therapy. However, PCT value has also been challenged.
There is some controversy surrounding the use of PCT in the diagnosis of sepsis in neonates, both term and premature ones. Several investigators advocate PCT as a good diagnostic biomarker of sepsis demonstrating better performance than CRP, whereas others have not found significant difference. [39] [40] [41] 
38
Maniaci et al demonstrated in febrile infants <90 days old that PCT is a useful marker for SBI in young febrile infants.
46
The area under the curve (AUC) of the ROC was 0.76 for definite and possible SBI, that is, better than that of WBC or neutrophil count. The optimal cutoff value used was 0.12 ng/mL, lower than in other studies with a sensitivity of 95.2% and a negative predictive value of 96.1%, but at the expense of a lower specificity. 46 Superiority of PCT over CRP and WBC was confirmed recently for EOS in neonates as well (►Fig. 2).
47
All studies on severe, invasive bacterial infections in children also report higher sensitivities and specificities of PCT than for CRP. [48] [49] [50] [51] [52] PCT has generally performed better in distinguishing children with bacterial infections from those without. With specific regard to separating sepsis from SIRS, multiple studies have demonstrated the diagnostic superiority of PCT. [53] [54] [55] [56] [57] Three studies are of particular interest. Simon et al measured PCT and CRP levels in 64 children who developed SIRS and compared values between those with a posteriori confirmation of infection and those without. Those with confirmed infection (sepsis) had significantly higher PCT values than those without (SIRS only), but CRP levels did not differ between the two groups. 57 The AUC for PCT in that study was 0.71 versus 0.65 for CRP. Arkader et al results showed that in children with sepsis, serum PCT concentration was significantly elevated above that of noninfected children with SIRS (AUC: 0.99). In the same setting, however, CRP failed to distinguish the two states (AUC: 0.54). 53 The third study is by Rey et al. 56 In a group of 359 critically ill children, they
showed that PCT was superior to CRP in distinguishing six classes of patients: those without SIRS or sepsis, those with SIRS alone, those with local infection, those with sepsis, those with severe sepsis, and those with septic shock. PCT levels increased significantly with the severity of illness (AUC 0.91), whereas CRP failed to mirror the trend as dramatically (AUC: 0.75).
56
A minority of studies evaluating both PCT and CRP in sepsis have shown that while PCT is a good diagnostic marker for sepsis, it was not statistically more accurate than CRP. 39, 48, 58 Contrary to these results, the study by GalettoLacour et al in 2001 found that PCT was the single most sensitive test. 59 While a CRP cutoff of 40 mg/dL was highly sensitive (89%) and fairly specific (75%), a PCT cutoff of 0.9 ng/mL was more sensitive and specific, 93% and 78%, respectively. When PCT and CRP were combined, a sensitivity of 96% was achieved, but specificity dropped to 67%.
59
Galetto-Lacour et al performed a prospective study in 2003 confirming the superiority of PCT. 60 One hundred and ten children aged 7 days to 36 months presenting to a pediatric emergency department with fever >38°C were enrolled. Ninety-nine children were ultimately analyzed, 29 of whom were diagnosed with SBI. A PCT cutoff of 0.5 ng/mL resulted in a sensitivity of 93% and specificity of 74%, similar to the author's previous findings. CRP was even less sensitive (52%) and specific (74%) than before for the proposed optimum cutoff of 40 mg/L. In a study by Andreola et al, subjects were heterogeneous noncritically ill pediatric population presenting in the Emergency Department.
61 Approximately 50% of the children were discharged at home. In this population, PCT and CRP were the only factors predictive of SBI and displayed similar diagnostic accuracy. Moreover, PCT was slightly more specific and CRP fairly more sensitive, when considered at their best statistical cutoff values ( 0.8 ng/L and 32 mg/L, respectively, based on the ROC analysis), in detecting SBI. When PCT and CRP were combined using their best cutoffs, a slightly better screening profile for ruling out SBI was provided (sensitivity of 92.6%) at the expense of a decrease in specificity (69.8%). On studying only infants aged less than 3 months, they did not find differences in the AUCs for PCT and CRP with respect to the overall group of patients.
61
Usefulness of PCT and CRP as predicators of bacterial infections in febrile children aged 1 to 36 months admitted to the pediatric emergency department and subsequently hospitalized was evaluated in a multicenter study by FernandezLopez et al. 49 Four hundred and forty-five children were enrolled at nine pediatric emergency departments. Eighty children were diagnosed with "localized" bacterial infections, whereas 150 patients were diagnosed with "invasive" bacterial infections. The authors found PCT to be the best predictor of bacterial infection with a sensitivity of 65.5% and a specificity of 94.3% for an optimum cutoff of 0.53 ng/mL. CRP (> 27.5 mg/L) alone was less sensitive (63.5%) and less specific (84.2%). When used to distinguish those children with invasive bacterial disease only, PCT 0.59 ng/mL had a sensitivity of 91.3% and a specificity of 93.5%, much better than the 78% and 75% noted with CRP (27.5 mg/L), respectively. One of the largest studies on PCT was that of Gendrel et al. 21 The authors examined the sera of 1,500 children aged 1 month to 15 years who were hospitalized after admission to the emergency department with fever >38.5°C. Using final diagnosis, they assigned children to three different groups: invasive bacterial infections (n ¼ 46), localized bacterial infections (n ¼ 78), and lastly viral infections (n ¼ 236). Invasive bacterial infections included diagnoses of septicemia and meningitis. The authors found a statistically significant difference between the PCT levels of the different Fig. 2 Receiver operating characteristic curve of PCT, CRP, and WBC count used for diagnosis of early onset neonatal sepsis. PCT, procalcitonin; CRP, C-reactive protein; WBC, white blood cells. 47 (Reprinted with permission from Kordek et al. 47 ) groups. The mean PCT level in the group with invasive bacterial infection was 45.9 ng/mL, but it was only 4.2 and 0.4 ng/mL in the group with localized bacterial infections and viral infections groups, respectively. Analysis of an ROC curve confirmed that PCT was the most useful test, with an AUC of 0.94 versus 0.89 for CRP (p < 0.0001). An optimal cutoff of 1 ng/mL was calculated by the authors for distinguishing bacterial from viral infections. This cutoff had a sensitivity of 83% and a specificity of 93%. When differentiating only between invasive bacterial infection and other infections, a PCT cutoff of 2 ng/mL had 96% sensitivity and 87% specificity.
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The highest combination of sensitivity and specificity was reported by Carrol et al. 51 Their study, however, was restricted to those with suspected pediatric meningococcal disease (MCD). The authors found that PCT was the most sensitive test: a cutoff value of 2 ng/mL was 94% sensitive and 93% specific for differentiating children with MCD. The broader applicability of the results of this study is difficult to extrapolate because the selected population included only children at high clinical suspicion of MCD.
A recent meta-analysis accounting for 3,244 sepsis patients demonstrated that PCT is a helpful biomarker for early diagnosis of sepsis in critically ill patients. Nevertheless, the results of the test must be interpreted carefully in the context of medical history, physical examination, and microbiological assessment because the studies had shown substantial heterogeneity.
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Conclusion
A battery of tests including the complete blood count, leukocyte differential counting for evidence of a myeloid left shift, erythrocyte sedimentation rate, CRP, PCT, ILs, and microbiological cultures are used in the laboratory evaluation of patients with suspected infection or sepsis. However, it is still not always possible to accurately predict the presence of bacterial infection on the basis of clinical appearance and those laboratory tests. Therefore, the investigation of new and better biomarkers is challenging and ongoing. 
